Strains of Aspergillus nidulans with a chromosome segment in duplicate show instability at mitosis; their colonies produce faster-growing sectors which arise from nuclei with spontaneous deletions in either duplicate segment. In an attempt to probe the deletion process, the effects of mutations causing sensitivity to UV treatment, and those of manganous ions, have been studied in strains carrying either Dp(1,II) or Dp(II1,VIII). For comparison, the effects of Mn2+ on balanced and unbalanced diploids have also been examined. The uvsE allele, which decreases intragenic mitotic crossing over in diploids, increased deletion frequency in strains with either duplication. The uvsB allele, which increases intragenic mitotic crossing over in diploids, increased deletion frequency only in Dp(1,II) strains; in addition, by causing early mitotic crossing over between the homologous segments, it produced some novel deletion products. Mn2+ substantially decreased the deletion frequency in Dp(1,II) strains and decreased mitotic crossing over in diploids; it had no effect on Dp(II1,VIII) strains. The results suggest that in haploid duplication strains there are two classes of spontaneous DNA lesions, recombinogenic and non-recombinogenic, both of which, failing repair, lead to deletion.
I N T R O D U C T I O N
Strains of AspergiIZus nidulans with a chromosome segment in excess of the haploid genome (one segment in the normal position and one translocated to another chromosome) show instability at mitosis. Diverse genetic changes occur (Azevedo & Roper, 1970) , but the most frequently detected and thoroughly studied products of instability result from spontaneous deletions, variable in size and all apparently terminal, which occur in either duplicate segment (Bainbridge & Roper, 1966; Nga & Roper, 1968) . All duplication strains so far tested undergo such deletions, though strains with different duplicate segments differ in the relative frequencies of breakpoints between and within their homologous segments (Birkett & Roper, 1977) .
Detection of deletion variants is usually easy; because of their reduced degree of imbalance they produce sectors which outgrow the duplication parent and it is possible, therefore, to investigate the effects on deletion frequency of genetic, chemical and other agents. So far, few agents have been tested and usually each has been studied with only one duplication strain (Cooke et al., 1970; Roper et al., 1972; Majerfeld & Roper, 1978) . Two of these studies (Roper et al., 1972; Majerfeld & Roper, 1978) , with caffeine and coumarin, respectively, suggested that deletions occur via a step which is repairable and that instability can be enhanced by chemical inhibition of DNA repair.
In further investigations of the deletion process, other agents which might affect its frequency and/or modalities have been sought. Newmeyer & Galeazzi (1974 ,1977 ,1978 showed the effect on Neurospora crassa duplication strains of a mutation which blocked meiosis and also caused sensitivity to UV. This suggested the possible value of studying the effects of mutations in A . nidulans (Jansen, 1970a, b ; Fortuin, 1971 a, b) which, presumably through modifications of DNA repair, cause UV-sensitivity and alter the frequency of intragenic mitotic crossing over. Sermonti & Morpurgo (1959) colonies grown from mutagen-treated, diploid conidia of Penicillium chrysogenum. In that spontaneous and induced instability might respond to common modifying agents, the possible effects of Mn2+ on A . nidulans duplication strains merited investigation.
M E T H O D S
Media. Minimal medium (MM) was C'zapek-Dox medium with 1 % (w/v) glucose. Complete medium (CM) contained yeast extract, hydrolysed casein, hydrolysed nucleic acids and vitamins. Solid media contained 2% (w/v) agar. Incubations were at 37 "C.
Methods of analysis. General methods of genetic analysis were those of Pontecorvo et al. (1953) . Diploids were prepared by the technique of Roper (1952) and mitotic haploidization (Forbes, 1959) was facilitated by the use of p-fluorophenylalanine (Morpurgo, 1961) . UV-sensitivity was determined by the qualitative test of Jansen (19704. Estimates yfinsrability. Counts of sectors and of patches of mycelium showing the products of instability were made on colonies each grown from a single (uninucleate) conidium; this precluded the scoring of instability products which arose during culture propagation. Certain strains showed instability early in colony development and for these, where sectors were self-limiting in number, sector counts underestimated instability. In some such cases, individual conidia were grown for 3 d on CM; conidia were sampled widely from each separate colony, plated on CM, and the resulting colonies were scored for parental and non-parental conidial colour.
Strains. All strains were derived from Glasgow stocks. Master strain E (MSE), with markers on all eight linkage groups, was that of McCully & Forbes (1965) . The principal mutant alleles used (with linkage group, and arm where known), and the phenotypes determined, are listed below using the designations of Clutterbuck (1974): wA3 (IIL), yAZ(IR), white and yellow conidia, respectively; adE20(IR), biA1 (IR), nicB8 (VIIR) and nicA2 (V),pabaA6 and pahaA108 (IR), proAl (IL), pyroA4 (IVR), riboAl (IL), riboB2 (VIIIR) and riboD.5 (V), sB3 (VI) and sC12 (IIIR), requirement for adenine, biotin, nicotinic acid, p-aminobenzoic acid, proline, pyridoxin, riboflavine and thiosulphate, respectively; galAI (IIIL) andJucAjlO3 (V), inability to grow on galactose and acetate, respectively; suAladE20 (IL), suppressor of adE20; acrB2 (IIR), resistance to acriflavine. Strains with mutant alleles determining UV-sensitivity [ucsB110 (IVR) and ursE182 (V)] were kindly supplied by Dr G . J . Jansen and Dr J. J. H. Fortuin whose allele designations have been retained.
Duplication strains and symbols. The basic constitutions of the duplication strains used are shown in Fig. 1 . Dp(II1,VIII) strains were obtained as recombinants from crosses involving a chromosomally-standard strain and one with T(II1,VIII) (Bainbridge & Roper, 1966) . The original Dp(1,II) strain was isolated as a spontaneous duplication by Pritchard (1956) and recombinants were obtained from appropriate crosses of this original (cf. Nga & Roper, 1968) . For simplicity, allele numbers are omitted from the figures and main text. The haploid components of diploid strains are separated by the symbol //.
R E S U L T S
Eflects of uus alleles Strains with Dp(1,II) or Dp(II1,VIII) and uvsB or uvsE were obtained by appropriate crosses. For the former duplication, crosses with a Dp(1,II) parent were needed as a reliable translocation stock [T(I,II)] was not available; for the latter duplication, each cross involved a translocation-free parent and one with T(II1,VIII). Two checks of the recombinants were essential. It was necessary to establish, by genetic analysis and study of instability, the arrangement of mutant alleles in the duplicate segments; only those with arrangements shown in Fig. 1 were used. Although spontaneous genetic modifiers of instability are rare, they can be induced by UV treatment (Azevedo, 1975) and a check was needed against their possible introduction by recombination. Between four and six meiotic segregants for each combination of duplication and uus allele were tested. In all cases many recombinants were inspected visually. No significant differences in behaviour were found among strains of each combination; in the chosen recombinants the various degrees and types of instability could be attributed to the different duplicate segments and uus alleles.
The uvsE allele
Several criteria showed that uvsE enhanced the instability of both Dp(1,II) and Dp(II1,VIII) strains. The results in Table 1 show the frequencies and phenotypes of sectors from whole-plate colonies but, in view of the early breakdown of the strains, the sector counts underestimated instability. For Dp(1,II) uusE it was possible to use the alternative, comparative estimation of instability ( Table 2) . Fig. 1 . The basic constitution of Dp(1,II) and Dp(II1,VIII) strains used in this work. Loci are not spaced to scale and the meiotic recombination frequencies are approximate. The different chromosomes involved in each duplication are distinguished by broken and unbroken lines; centromeres are shown as circles. Dp(1,II) and Dp(II1,VIII) carry terminal segments of IR and IIIL attached terminally and uninverted to IIR and VIIIR, respectively. (From Nga & Roper, 1968 and Birkett & Roper, 1977) . Table I 
. Efects of uvsE and uvsB on duplication strain instability
Arrangements of alleles in the duplicate segments are shown in Fig. 1 . Periods of incubation were adjusted to give a mean colony diameter of 7.6 cm for each genotype. Conidia for phenotypic tests were taken from the outside edges of sectors. The phenotypes of UVSE sectors reinforced the view of enhanced instability. Approximately half of the Dp(II1,VIII) uvsE sectors were thiosulphate-requiring which suggested total deletion, in equal frequency, of either duplicate sector; the control gave a significantly lower proportion of thiosulphate-requiring sectors and this was consistent with the results of Birkett & Roper (1977) in which the majority of first-order sectors had terminal deletions whose proximal breakpoints were distal to the sClocus. The green sectors of Dp(1,II) uusE, as compared with the green sectors of the control, were interpreted similarly.
Three yellow and two green sectors from Dp(1,II) uvsE were analysed meiotically and via the parasexual cycle and were shown to be of types A and B (Fig. 2) , respectively. Although uusE enhanced instability without modifying its end-product, there was evidence of probable differences in the uvsE+ and uusE routes to a balanced, stable, haploid state. Dp(1,II) uvsE+ gave yellow sectors without identifiable intermediates; Dp(1,II) uusE produced small, heavilypigmented patches with dark yellow conidia from which stable, yellow sectors arose. Isolates from such deteriorated patches were very unstable and some required more than one sub-culture before they yielded stable yellows. An isolate from one deteriorated patch was outcrossed to a standard strain and unstable, yellow, uvsE+ recombinants were recovered. These recombinants showed several steps of instability (as judged by sector morphology and growth rate) before achieving stability. The uvsE allele had initiated a series of events which proceeded even in the later absence of this allele. The intermediates may have suffered sequential deletions on the route to becoming balanced haploids, but their very high instability precluded detailed genetic analysis. The usual instability route: frequency enhanced by uvsE
The uvsB route; both steps enhanced in frequency The uvsB allele This allele did not increase sector frequency in Dp(II1,VIII) though the proportion of sectors which were thiosulphate-requiring was higher than in the control (Table 1 ). In the absence of a marked effect on sector frequency, no genetic analyses were made to explore this effect.
Colonies of Dp(1,II) uusB showed about a threefold increase in sectors as compared with their control (Table l) , but platings from small colonies (Table 2) showed that this underestimated the instability caused by uusB. As compared with platings from small colonies of Dp(1,II) uusE, there was relatively little inter-sample variation in the frequencies of non-parental types. Yellow and green sectors from the edges of large colonies were stable and most of them had ad+ bi+ and ad-bi-phenotypes, respectively; this suggested total loss of one or other duplicate segment. The origin of the three yellow ad+ bi-sectors, a type never observed from uus+ controls, became clear on later analysis.
Three yellow ad+ bi+ and three green ad-bi-sectors were analysed meiotically and via the parasexual cycle and were shown to be of types E and F, respectively (Fig. 2) . The unexpected constitution of the green sectors was explained as follows. Heavily-pigmented spots bearing dark green or dark yellow conidia were seen at the origin of a number of stable green or yellow sectors. Isolates from these had approximately the same high instability as the initial duplication strain, but the unstable greens (ad-bi-) and yellows (ad+ bi+) gave only green, ad-bi-and yellow, ad+ bi+ sectors, respectively. It was likely that these were homozygous for the markers on one or other duplicate segment and, despite their instability, this was confirmed by meiotic and mitotic analyses. The unstable yellows and greens had arisen by mitotic crossing over between the point of attachment of the translocated segment and the y A locus (types C and D, Fig. 2 ).
Stable, balanced haploids then arose by preferential deletion (as in the uus+ control) of the translocated segment. This explained the unstable yellow variants found in conidial platings from young colonies ( Table 2) ; they arose by mitotic crossing over, not deletion.
The 110 yellow sectors tested from Dp(1,II) uusB showed the distribution of mitotic crossovers in the marked region of the duplicate segments. The ad+ bi+ majority arose via homozygotes which resulted from crossing over in the interval between the attachment point of the translocated segment and the y A locus. The three which were ad+ bi-seemed likely to have involved crossing over in the y A to biA interval. One sector,proA pabaA y A biA; uusB; nicA, was combined in diploid with MSE. On haploidization the diploid yielded (for chromosome I and I1 markers) the following: white, 14 pro+ paba+ ad+ bi+, 4 pro-paba-ad+ bi-; yellow, 16 pro+ paba+ ad+ bi+, 3 pro-paba-ad+ bi-. The meiotic cross to MSE gave, in 117 progeny, no duplication types. These results showed that the yellow sector was chromosomally-standard and had y A adE+ biA on chromosome I. Mitotic crossing over in Dp(1,II) uusB was polarized; 107 exchanges (97.3%) occurred in the 9 meiotic units between the attachment point and the y A locus and only 3 (2.7%) in the 6 meiotic units between y A and biA.
The role of the duplication in the instability was indicated by comparing the above results with those given by a chromosomally-standard, balanced diploid which was heterozygous yA//yA+ and homozygous uusB//uusB. Conidia from 3-d-old colonies of this diploid were plated and no yellow colonies were found in a total of 2100 scored. A total of 100 diploid colonies, each from a single conidium, were haploidized on p-fluorophenylalanine and all gave both yellow and green haploid segregants. In this balanced diploid there was no evidence of either frequent mitotic crossing over between the centromere and the y A locus, or deletions in chromosome I.
Eflects of Mn2+ on mitotic instability
After initial tests at various concentrations, 0.01 M -M~C~, was used throughout ; at this concentration it had no detectable effect on colony morphology and its slight effects on linear growth rate were compensated by adjustments of the periods of incubation. Mn2+ produced a significant decrease in the various forms of mitotic instability of all tested strains except haploids with Dp(II1,VIII) ( Table 3 ). This was shown by the decrease of sector production and also, where they could be detected, by the decrease in patches of mycelium with non-parental conidial colour; the latter provided useful confirmation as they were less subject, especially in unbalanced strains, to the undefined competitive forces involved in the 'escape' of a sector from its parent.
A major proportion of the sectors produced by the balanced diploid, biA//MSE, are due to mitotic crossing over (Pontecorvo & Kafer, 1958; Kafer et al., 1982) and this is so at least for the yellow sectors given by the unbalanced diploid Dp(I,II)//MSE (Case & Roper, 1981) . A common Table 3 
. Eflects of Mn2+ on mitotic instability
The incubation periods were adjusted to give a mean colony diameter of 7.6 cm for each genotype. MnC1, was used at a concentration of 0-01 M. Arrangements of alleles in the duplicate segments of duplication strains are shown in Fig. 1 basis could be proposed for the stabilizing effects of Mn2+ on diploids and on Dp(1,II) strains, including those carrying uusB. Majerfeld & Roper (1978) suggested that coumarin increased the instability of Dp(1,II) strains through its effect on recombinogenic lesions. Conversely, Mn2+ appeared either to prevent these lesions or to abort their consequences. Dp(II1,VIII) strains were not affected significantly by Mn2+ and, on the above hypothesis, it could be suggested that deletions in these strains do not arise via recombinogenic lesions. This is supported by the fact that coumarin does not enhance the instability of Dp(II1,VIII) (J. A. Roper & J. Relton, unpublished results) .
DISCUSSION
Spontaneous deletions in Dp(1,II) strains occur mainly in the translocated segment, at or near its point of attachment (Nga & Roper, 1968) ; those in Dp(II1,VIII) strains occur with equal frequency in either segment, with a distribution roughly proportional to the meiotic recombination frequencies between markers in the analysed intervals (Birkett & Roper, 1977) . In Dp(1,II) and Dp(II1,VIII) the proximal ends of the untranslocated duplicate segments are respectively some 15 and 80 meiotic units from their centromeres, and, although this might be relevant, it gives no immediate explanation for their differences in instability patterns. As far as can be judged from genetic analysis, both duplications involve terminal attachments of duplicate segments and there is now substantial evidence of the frequent, spontaneous occurrence of these in A . nidulans (C. E. Sexton & J. A. Roper, unpublished) . Furthermore, deletions appear to be terminal and only in rare instances do they produce what may be abnormal telomeres (Birkett & Roper, 1977) . The existence of terminal attachments and deletions in Drosophila melanogaster has been doubted (Muller & Herskowitz, 1954 ; Roberts, 1975) but seem now to be established firmly (Novitski et al., 1981 ; Bicudo, 1981) . Novitski et al. (1981) interpreted terminal attachments as being consistent with a divisible telomere and compatible also with the hypotheses of its palindromic structure and replication (Holmquist & Dancis, 1976; Cavalier-Smith, 1974; Bateman, 1975) , though substantiation of this must await more knowledge of telomere sequences and properties (Rubin, 1977; Forte & Fangman, 1979) . Discussion of terminal deletions, and factors which affect them, can be considered only in the framework of this incomplete information. Newmeyer & Galeazzi (1977) and Birkett & Roper (1977) advanced similar models to explain terminal deletions in N . crassa and A . nidulans, respectively. To account for the precise and preferential deletion of a translocated segment, the former authors proposed excision of an intrachromosomal loop formed by pairing of the telomere and a residual homologous segment at the attachment point. The latter authors proposed a more general model of intrachromosomal loops formed by pairing of the telomere with internal sequences of partial homology; this would account for deletions in a chromosome with no attached segment, and, through occasional mispairing, would explain the production of what appeared to be abnormal telomeres which generated instability.
Whatever the processes of deletion in duplication strains of A . nidulans features common to, or different in, Dp(1,II) and Dp(II1,VIII) could be identified by the effects of uus alleles and Mn2+. The uvsE allele, which was known to decrease the frequency of intragenic mitotic crossing over, increased instability of both Dp(1,II) and Dp(II1,VIII) showing that the uvsE+ function restrains instability in both duplication strains. The uvsB allele, known to increase intragenic mitotic crossing over, was effective only with Dp(1,II); it increased the deletion frequency and also the frequency of mitotic crossing over between the homologous chromosome I segments. Both consequences could have resulted from the persistence, or increased frequency, of recombinogenic lesions at or near the attachment point. It was interesting that in Dp(1,II) uvsB the frequency of mitotic crossing over fell sharply distal to the attachment point which, in this respect, showed centromere-like properties (Pontecorvo & Kafer, 1958 ; Minet et al., 1980) . The action of Mn2+ in reducing mitotic crossing over in balanced and unbalanced diploids suggested either a reduced frequency, or stabilization, of recombinogenic lesions. This is consistent with its stabilizing action on Dp(1,II) and its lack of significant effect on Dp(II1,VIII). Diverse genetic effects of Mn2+ have been reported. These include the induction of chromosomal gene mutations in prokaryotes (Demerec & Hanson, 1951 ; Orgel & Orgel, 1965) and mitochondria1 mutations in yeast (Putrament et al., 1973 (Putrament et al., , 1975 . Mn2+ has also been shown to reduce the fidelity of DNA replication in some in vitro systems (Hall & Lehman, 1968 ; for other references see Loeb et al., 1978 and Hibner & Alberts, 1980) . Apart from the observations by Sermonti & Morpurgo (1959) , which prompted the present work, only three reports are known which might be relevant to a stabilizing action of Mn2+. Whiting et al. (1979) showed that Mn2+ stimulated unscheduled DNA synthesis in human cell cultures treated with hydrazines; Litman (1971) reported that both the rate and fidelity of replication of G-C-rich DNA by a Micrococcus luteus polymerase were enhanced by Mn2+ as compared with Mg2+; finally, Eichhorn et al. (1971) showed that Mn2+ stabilized the DNA helix by preventing unwinding and/or facilitating reannealing. The findings of Litman (1971) apply only to G -Crich sequences and there is no reason to suppose that these are involved in mitotic crossing over. In addition, Forte & Fangman (1979) indicated that the termini in yeast chromosomes are A -Trich, and it is the termini which may be involved in the deletion process in Aspergillus duplication strains. Our tentative view is that helix stabilization (Eichhorn et al., 1971) can best explain the reduction by Mn2+ of both mitotic crossing in diploids and deletions in Dp(1,II) strains. The ineffectiveness of Mn2+ in Dp(II1,VIII) strains would then have to be ascribed to lesions in which there is no effective stabilization.
The principal aim of this work was to explore the nature and fate of DNA lesions in A . nidulans duplication strains. As in earlier studies, the results have revealed the overall complexity, and probable diversity, of events leading to deletions. Some clarification of the possible roles of genome imbalance and organization in instability may emerge from further studies with the many different duplication strains now available. Cases of chromosomal instability are difficult to analyse genetically, but on several scores they merit attention. They are important for understanding the fidelity of mitosis, they can have application in the test of potential mutagens (Roper, 1971; Kafer et al., 1982) and they provide models for clinically important chromosomal changes in man.
